Introduction
MitraClip therapy is a new percutaneous approach for treating mitral regurgitation (MR) which involves mechanical edge-to-edge coaptation of the mitral leaflets that is analogous to the surgical Alfieri technique. 1 In the USA, the MitraClip device has been studied in a safety and feasibility trial, a randomized pivotal trial against surgical mitral valve repair, and a nonrandomized high-risk registry (HRR). In addition, the MitraClip now has over 2 years of CE-mark approval and a rapidly expanding clinical experience in Europe. Our understanding of patient selection, technical approaches, and integration with existing therapies for MR has advanced considerably since the first human use of this device. 2 We herein review clinical results of MitraClip therapy, and discuss the evolving role of MitraClip in the management of patients with clinically significant MR. It has been shown that MitraClip therapy can be delivered safely with low morbidity, and can reduce MR in a broad spectrum of pathologies.
Mitral regurgitation prevalence, aetiology, and clinical background
Mitral regurgitation is one of the most commonly encountered valvular lesions, with at least moderate regurgitation present in 6.4% of the general population ≥65 years. 3 Moderate -severe MR is present in 15-30% of patients with congestive heart failure and up to 12% of patients within 1 month after myocardial infarction. Mitral regurgitation severity has been positively correlated with the subsequent development of heart failure and death. 4 -6 It is estimated that as many as 500 000 people in North America alone have clinically significant congestive heart failure-associated or functional mitral regurgitation (FMR), many of whom are currently not offered mitral valve intervention. In Europe, it is estimated that in individuals aged 55, almost one in three will develop heart failure during their remaining lifespan. 7 Since even asymptomatic patients with severe MR have higher 5-year rates of death, heart, failure and atrial fibrillation, consideration of valve repair is clinically warranted in these patients. Until the advent of the percutaneous MitraClip procedure, surgical mitral valve repair or replacement had been the sole option for treating MR, and while this is efficacious, many patients with co-morbidities and high-surgical risk do not undergo surgery because of a failure to refer and perceived excessive morbidity and mortality. 8, 9 The anatomic aetiologies of MR are multiple and have been previously described by Carpentier, Barlow, and others. 10 -12 These include degenerative pathologies in which the leaflets or chordae are structurally 'degenerated', such as in fibroelastic deficiency with leaflet prolapse, myxomatous leaflet degeneration, or Barlow's disease with diffuse excess tissue and chordal elongation. In degenerative MR, the 10-year natural history of severe MR due to a flail posterior leaflet has been documented, with 90% of patients either expiring or requiring an MV operation. 13 Surgical MV repair has been the preferred treatment for clinically significant degenerative MR, and generally affords improved post-operative outcomes and survival when compared with MV replacement.
14 Surgical intervention for degenerative MR consists of multiple techniques including leaflet repair with resection, chordal transfer, use of polytetrafluoroethylene neochordae, and prosthetic ring or band annuloplasty. 15 These approaches are efficacious and result in excellent freedom from reoperation. 16 Edge-to-edge surgical repair of the mitral valve with annuloplasty (or without annuloplasty in selected patients) has also been shown to afford favourable outcomes in patients with degenerative or FMR. 17, 18 . Functional mitral regurgitation is a direct consequence of underlying left ventricular dysfunction and annular dilation which secondarily impairs the coaptation of otherwise structurally normal leaflets. Surgical correction of FMR has been shown to improve functional class and left ventricular remodelling, 19 but a survival benefit has yet to be shown. 20 Additionally, even with current surgical annuloplasty techniques, up to 35% of treated patients have moderate or greater MR recur within 1 year of surgery. 21 -23 Preoperative predictors of recurrent MR and poor outcomes after restrictive annuloplasty for FMR include LV end-diastolic diameter .65 mm, 24 posterior leaflet angle ≥458, 25 and MV coaptation depth ≥11 mm. 26 Since surgical FMR repair in patients with low ejection fraction is associated with significant recurrence rates, morbidity, and mortality outside of select centres of excellence, surgery for isolated FMR is not routinely offered despite the demonstrated improvements in quality of life.
Current ACC/AHA and ESC guidelines for correction of mitral regurgitation 
The MitraClip system
MitraClip therapy is based on the surgical edge-to-edge repair first described by Alfieri. 1 The surgical technique involves the use of suture to convert a regurgitant mitral orifice into a competent double orifice valve with decreased or eliminated regurgitation. The MitraClip device, which was designed to mimic an edge-to-edge repair, consists of a percutaneously delivered MRIcompatible cobalt chromium implant with two arms and two grippers which are used to grasp the opposing free edges of the anterior and posterior leaflet in order to improve leaflet coaptation and generate a double-orifice valve. Each arm is 4 mm wide and 8 mm long, and the device is covered in a polyester fabric to promote tissue in-growth. Complete encapsulation of the device occurs by 12 weeks in a porcine model. 30 The device is delivered by a transseptal route using a steerable guide catheter (24 Fr proximally and 22 Fr at the interatrial septum), through which the steerable clip delivery system with the MitraClip attached at the distal end is delivered. The MitraClip is steered and advanced under echocardiographic and fluoroscopic guidance into the left ventricle at the point of regurgitation, and withdrawn with the arms opened to allow capture of both leaflets with the grippers and arms. Once adequate leaflet insertion is confirmed, the MitraClip can then be tightened to assess efficacy. If the desired result is achieved, the MitraClip is deployed and released from the catheter. If the grasp is felt to be suboptimal, the leaflets can be released and the grasping procedure can be repeated ( Figure 1 ). Although no more than two MitraClips could be implanted per patient in the US feasibility and pivotal trials, up to four MitraClips have been implanted in a single patient in Europe. The only limitation to the number of MitraClips implanted from a safety standpoint appears to be the development of mitral stenosis.
The procedure is performed in the catheterization laboratory under general anaesthesia for patient comfort (due to use of TEE during the procedure), but more importantly to eliminate patient movement and to perform controlled breath-holding during the MitraClip grasping step, thereby allowing accurate placement and controlled leaflet insertion. However, as the technique is refined, it may be possible that in selected patients the procedure could be performed using conscious sedation. 31 The MitraClip procedure requires a multidisciplinary team in the catheterization laboratory, including 1-2 interventional cardiologists, an echocardiographer, and an anaesthesiologist. Although the morbidity of the procedure is less than MV surgery, MitraClip resource utilization remains significant and is similar to surgical mitral valve repair in terms of reported procedure length and number of physicians involved ( Table 1) .
The MitraClip has been applied to a wide spectrum of degenerative (anterior, posterior, and bileaflet prolapse) and functional regurgitant pathologies. The presence of active endocarditis, rheumatic valve disease, and mitral stenosis are contraindications to MitraClip therapy. Regardless of regurgitation aetiology, the final common pathway of MitraClip implantation is the generation of a double-orifice valve. The MitraClip is analogous to surgical suture, and can be used to approximate leaflets at different locations along the leaflet coaptation surface ( Figure 2 ). For wide regurgitant orifices, more than one clip might be needed. Treating MR at the medial and lateral commissures requires care as the ability to manoeuvre the MitraClip in the left ventricle is limited. Given the complex structure of the subcommissural chordae a higher risk of clip entanglement can be expected. Treatment of para-commissural jets is nonetheless feasible.
MitraClip therapy is highly compatible with other minimally invasive procedures that are often applied to patients with MR. For example, access to the left atrium is not restricted for atrial fibrillation ablation procedures, and access to the coronary sinus is preserved for biventricular lead ICD placement or for future coronary sinus mitral annuloplasty devices. Biventricular pacing and cardiac resynchronization therapy is an important treatment for patients with ischaemic cardiomyopathy and can reduce FMR acutely and chronically in selected patients. Greater than one-half of responders to CRT have sustained reductions in MR by at least one grade for 6 months or longer. 
Current registry and randomized trial data EVEREST trials
The key results of currently published North American and European clinical experience with the MitraClip are shown in Table 2 . Feldman et al. 33 published results from 55 patients treated in the EVEREST (Endovascular Valve Edge-to-Edge Repair STudy) Phase I feasibility trial, and 52 patients treated in the pre-randomization start-up experience (roll-in phase) of the EVEREST II pivotal trial. These data represent the early North American experience with the MitraClip device, with 70% of these procedures being the first, second, or third procedures at each respective site. Patients were selected if they were candidates for MV surgery, met major ACC/AHA indications for MV surgery, and had specific anatomic criteria including a primary central regurgitant jet associated with the A2/P2 segments, a coaptation length ≥2 mm, a coaptation depth ≤11 mm, a flail gap ,10 mm, and a flail width ,15 mm. Key exclusion criteria included LVEF ≤25%, LV end-systolic dimension .55 mm, mitral valve orifice area ,4 cm 2 , or recent myocardial infarction. These EVEREST-specific clinical and anatomic criteria were used for all North American trial and registry data, but have not been consistently applied in the European experience. Of the 107 patients who underwent the MitraClip procedure in this early US experience, 70 (74%) achieved acute procedural success (APS), defined as a post-procedure reduction in MR to ≤2+. Of subjects who did not achieve APS, 17 (16%) had MitraClip implantation with acute MR grade .2+, and 11 (10%) had no MitraClip implanted with post-procedure MR .2+. At 12 months, not including crossover to surgery, 50 of 76 APS patients (66%) had echocardiographic follow-up and continued with MR ≤2+. A total of 32 patients underwent MV surgery after a clip procedure, and when repair was planned, 84% were successfully repaired, demonstrating that MV repair is feasible after prior MitraClip attempt or implantation. Freedom from death at up to 3-year follow-up was 90.1%, and freedom from surgery was 76.3%. The majority of patients included had degenerative MR (79%), but patients with FMR (21%) had similar acute results and durability. An important feature of the EVEREST data is that an independent echocardiographic core laboratory assessed all echocardiograms. Mitral regurgitation was graded strictly according to American Society of Echocardiography guidelines using a composite of colour flow Doppler of the regurgitant jet area, pulmonary vein flow, regurgitant volume, and regurgitant fraction. Interobserver variability was low using this methodology, with 84% concordance in regard to MR severity. This analysis of echocardiograms pre-and post-percutaneous or surgical MV therapy differs from the majority of prior surgical repair studies which have not used quantitative echocardiographic methods or core laboratories. Analyses of echocardiograms from enrolling EVEREST sites demonstrated that without the use of quantitative methodology baseline MR grade is often overestimated by using qualitative methods. The landmark prospective, randomized EVEREST II trial is the first randomized trial of a percutaneous mitral repair device measured against conventional surgical therapy; it also represents the first echocardiographic core-laboratory adjudicated follow-up after surgical mitral valve repair. 35 Patients in this series had significantly worse left ventricular dysfunction and more adverse valve morphology than those patients enrolled in the EVEREST trials. Specifically, there was no lower limit on LVEF or upper limit on LV size, and there was a broader spectrum of allowable leaflet anatomy and regurgitant jet location (non-central jet allowed). Of the patients undergoing MitraClip therapy, there were 35 patients (69%) with LV or leaflet characteristics that would have excluded them from enrolment in the EVEREST trials. These were termed the 'EVEREST -' cohort, and had a significantly higher logistic EuroSCOREs (33 vs. 18) and larger LV end-systolic volumes (124 vs. 101 mm 3 ). The remaining patients were defined as 'EVEREST +', and would have met enrolment criteria for the EVEREST trials.
MitraClip therapy was performed in 51 consecutive patients with a mean logistic EuroSCORE of 29 + 22 and a Society of Thoracic Surgeons score of 15 + 11. MitraClip implantation was successful in 49 patients (96%), with the majority of patients (34/49, 69%) treated with a single clip, 14 patients (29%) receiving two clips, and one patient receiving three clips. All 16 EVEREST + patients had successful MitraClip implantation, where as 2 of the 35 EVEREST-patients did not have clips implanted. This was due to a 17-cm left atrium in one case, and substantial subvalvular calcification in the other case. Procedure-related reduction in MR severity was one grade in 16 patients (31%), two grades in 24 patients (47%), and three grades in 9 patients (18%). There was no clinically significant mitral stenosis observed after therapy, and there were no procedure-related major adverse events and no in-hospital mortality. In summary, the authors demonstrated the feasibility and short-term efficacy of the MitraClip in high-surgical-risk patients, with a substantial proportion of patients treated that would have been excluded from the EVEREST trials. Longer term outcomes from this cohort have not been reported, and therefore effects on prognosis, left ventricular remodelling, and durability of MR reduction cannot yet be assessed.
Italian experience
Tamburino et al. have reported results from the initial Italian clinical experience with the MitraClip at two centres. Their multidisciplinary teams selected patients who met criteria for mitral intervention based on established guidelines, and who were highrisk for surgery based on the consensus between cardiologist and cardiac surgeon, logistic EuroSCORE .20, hepatic cirrhosis, autoimmune disease, severe renal failure requiring haemodialysis, or any contraindication to extracorporeal circulation. Anatomic leaflet criteria were similar to EVEREST criteria, with a requirement for primarily central regurgitation (at the A2/P2 interface) and sufficient leaflet tissue for mechanical coaptation. Key exclusion criteria were very similar to the EVEREST trials, including mitral valve orifice area ,4 cm 2 , flail width ≥15 mm, flail gap ≥10 mm, coaptation depth ≥11 mm, and coaptation length ,2 mm. Importantly, unlike EVEREST, there was no exclusion for very low LV ejection fraction, nor was there an upper limit on LV size. The primary efficacy endpoint was acute device success defined as clip placement with reduction in MR to ≤2+. The primary acute safety endpoint was 30-day freedom from major adverse events, defined as the composite of death, myocardial infarction, non-elective cardiac surgery for adverse events, renal failure, transfusion of .2 units of blood, ventilation for .48 h, deep wound infection, septicaemia, and new onset atrial fibrillation. Thirty-one patients were successfully treated using standard techniques, with 19 patients undergoing single MitraClip implantation, and 12 patients having 2 clips placed. There were no unsuccessful attempts at MitraClip placement, and no procedural mortality. At 30 days, there was an intra-procedural cardiac tamponade (treated successfully with pericardiocentesis and subsequent MitraClip implantation), and one non-cardiac death, resulting in a primary safety endpoint of 93.6%. Acute device success was observed in 96.8% of patients. At 30 days, there was favourable LV remodelling seen, with reduction in the diastolic mitral annular septal-lateral dimension. Mitral valve area significantly diminished at 30 days, but this did not result in any clinically significant mitral stenosis. In summary, the Italian registry demonstrated the excellent acute safety and efficacy of MitraClip therapy in a population of patients similar to EVEREST patients but at higher surgical risk. Longer term efficacy and durability in this initial cohort has not yet been reported.
MitraClip safety and patient selection
Based on the available data from expert high-volume centres, it has been demonstrated that the MitraClip can be safely and successfully applied to a diverse patient population in terms of age, surgical risk, and mitral valve pathologies. These findings will need to be confirmed in centres with more limited experience. The rate of major adverse events after MitraClip placement is very low. The anatomic leaflet criteria for MitraClip patient selection were rigorously defined in the EVEREST trials, but the European experience has shown us proof of principle that the MitraClip can be delivered to more complex (non-EVEREST) leaflet anatomy. Although further investigation will undoubtedly refine our understanding of 'acceptable' leaflet anatomy, the main limitations appear to be the ability to grasp both leaflets, and the undesired development of mitral stenosis.
Herrmann et al. 39 examined the effect of implanting one or two
MitraClips on MVA and mean transmitral gradient (MVG) in 96 patients enrolled in the EVEREST studies followed for up to 24 months. By planimetry the authors found that the mean MVA decreased from 6.0 + 1.3 to 3.6 + 1.2 cm 2 after clip placement, and remained unchanged after 24 months of follow-up. There was also a small increase in the mean MVG after clip placement from 1.7 + 0.9 to 4.1 + 2.2 mmHg, which did not increase further after 24 months. Although patients with FMR had a slightly smaller baseline and follow-up MVA, there were no differences in MVA or MVG between patients who received one clip (69%) and those receiving two clips (31%). These data confirm that MitraClip repair with the EVEREST inclusion criteria of a baseline MVA ≥4.0 cm 2 does not result in significant mitral stenosis.
MitraClip efficacy and surgery after MitraClip therapy
A concern with any new therapy is how it will compare in efficacy with existing therapies. A key issue at this point is that the longer term durability (5-10 year) of the MitraClip procedure is not yet known. In high-surgical-risk populations, the safety advantage of the MitraClip may partially outweigh durability concerns, although the point at which this balance becomes equivalent or favours surgery is yet to be defined. For instance, a younger patient at low surgical risk with degenerative MR and a high likelihood of successful surgical repair may be more appropriately treated with surgical mitral valve repair.
In the surgical literature (mostly dealing with degenerative repair with leaflet resection techniques), post-operative MR.mild has been shown to be a risk factor for reoperation. Suri et al. 40 examined the durability of mitral repair for leaflet prolapse in 1411 patients. At up to 15 years of follow-up, greater than mild residual post-operative MR prior to discharge was shown to be a multivariate predictor for reoperation, but not for mortality. Fix et al. 41 reported that those patients with 1-2+ MR by post-pump intraoperative echocardiography had a trend towards more reoperations than 'echo-perfect' patients with zero or trivial postoperative MR, but there was no difference in morbidity or mortality at up to 5-year follow-up. While less post-procedure MR is certainly desirable, these data cannot be directly extrapolated to the MitraClip experience, as the predictors of recurrent MR in degenerative and functional subgroups are not known. The primary endpoint of MitraClip therapy in the EVEREST trials was post-procedure MR ≤2+. Previously published surgical literature cannot answer the question of whether a patient undergoing MitraClip therapy with post-procedure 1 + MR has a inferior longterm outcome than a patient with 2+ post-procedure MR. Abstract data have shown that patients with residual MR of 1+ or 2+ at 12 months following MitraClip therapy both experience meaningful clinical benefits in terms of LV size reduction, LV volume reduction, and functional class improvement. 42 Although the initial clinical results with the MitraClip are encouraging, there has been discussion as to the potential importance of concomitant annuloplasty in edge-to-edge leaflet repair. Annuloplasty has become routine during surgical degenerative mitral valve repair, and it is also an essential component of surgery for FMR. Failure to perform annuloplasty at the time of degenerative leaflet repair (mostly with partial leaflet resection techniques) has been shown to adversely affect the repair durability. 16, 43, 44 The MitraClip procedure specifically mimics the Alfieri procedure in which the free edges of the A2 and P2 segments are sutured together, generating a double orifice mitral valve. In ischaemic MR, the application of edge-to-edge repair without annuloplasty has resulted in significant rates of recurrent MR. 45 
Conclusion and future directions
The MitraClip procedure is rapidly evolving as an important option among the current therapies for MR. The safety profile of this device appears to be excellent. Acute outcomes are favourable, and for those patients with APS, mid-term durability (up to 2years) is reasonable. Although surgical risk calculators may overestimate morbidity and mortality in high-risk patients with MR undergoing surgery, early survival outcomes with MitraClip therapy in these high-surgical-risk patients have been superior to historical controls. There is no question that surgical mitral valve repair for degenerative MR has been shown to be highly effective in multiple large series, resulting in a 10-year freedom from reoperation of up to 97%. 52 Minimally invasive degenerative surgical mitral valve repair has also been shown in expert hands to have excellent efficacy and durability, with a 5-year freedom from the cardiac reoperation rate of 95.6%. 53 Surgical repair options have matured over time and are numerous, including leaflet repair with resection, chordal transfer, use of polytetrafluoroethylene neochordae, and prosthetic ring or band annuloplasty. However, we are still early in the MitraClip experience, and unanswered questions remain regarding long-term efficacy, adoption, and approval indications. Based on adoption patterns in Europe, and subgroup analyses from the EVEREST II trial, it would appear that patients who are older, at higher risk for surgical therapy, or with FMR and depressed ejection fractions will constitute the initial target population for MitraClip therapy. Since FMR is primarily a ventricular problem, it remains to be seen whether a leaflet intervention will have durable efficacy. Numerous predictors of recurrent MR after restrictive annuloplasty for FMR have been identified and their relevance to determining patient selection for MitraClip therapy is yet to be determined. 24 -26 Whether or not the MitraClip should be translated for use in lower risk patients with degenerative valve disease is a matter of debate, but clearly the surgical bar has been set quite high in these patients. While some MitraClip cases are straightforward, many cases can be technically challenging, comparable with complex percutaneous aortic valve replacement, multivessel stenting or chronic total occlusion interventions. Future MitraClip and delivery system designs may allow a wider range of valve anatomies to be treated, and may simplify leaflet insertion and grasping. In addition, innovations in echocardiographic and intracardiac imaging will increasingly revolutionize this and other structural heart procedures. For instance, 3D TEE was not widely available at the outset of the MitraClip experience but has now become standard during the procedure, markedly improving the ease and visualization of the procedure.
The MitraClip procedure is a promising new therapy, but new ways must continue to be found to refine its application and establish ever more meaningful clinical indications for its use. Like all first generation techniques, the MitraClip will evolve and change in the future.
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